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The Origins of V(D)J Recombination Minireview
Susanna M. Lewis*³ and Gillian E. Wu²³ two-site interaction that results in inversion or deletion,
as in CSSR, however, the two junctions that are pro-*Division of Immunology and Cancer
Hospital for Sick Children Research Institute duced, (a ªcoding jointº and a ªsignal jointº) are not
exactly reciprocal. There is usually a gain and/or loss²The Wellesley Hospital Research Institute
³Department of Immunology of a small amount of DNA sequence, particularly at the
coding joint (indicated by ªVJº in Figure 1C). In contrastUniversity of Toronto
Toronto, Canada M5S 1A8 with either CSSR or TPN, as yet no evidence exists for
a recombinase in V(D)J joining that can both cut and
rejoin DNA ina recombinant configuration. Two proteins,
RAG-1 and RAG-2, in purified form, are sufficient toThe Origins of V(D)J Recombination
cleave adjacent to a joining signal sequence in vitroFew examples of developmentally-regulated DNA re-
(reviewed in Gellert, 1996), however, the RAG proteinsarrangement exist for higher eukaryotes. One of these is
have not been demonstrated to reconnect cut DNA, asV(D)J recombination, a process that serves to assemble
do the recombinases in TPN and CSSR. Several linesantigen receptor genes in T and B cells. Recently V(D)J
of evidence suggest that both coding and signal jointrecombination has been partially reconstituted in vitro
formation require general repair functions (reviewed in(reviewed in Gellert, 1996), and as a result, has been the
Jeggo et al., 1995; Gellert, 1996). Furthermore, V(D)Jsubject of intense research. A side effect of these efforts
recombination is unusual in that one of the RAG1/RAG2has been renewed speculation regarding evolutionary
cleavage products is a hairpin-terminated DNA (middleorigins. New information bears upon the possibility that
column, Figure 1C; see Gellert, 1996).this unusual recombination system could have been a
transplant from the procaryotic world (Difilippantonio et
al., 1996; Spanopoulou et al., 1996, van Gent et al.,
1996a).
Broad Comparisons
With some exceptions, the best-understood site-
directed recombination systems carry out either conser-
vative site-specific recombination (CSSR) or transposi-
tion (TPN; for reviews see Polard and Chandler, 1995;
Sadowski, 1993; Stark et al., 1992, and references
therein). As shown in Figure 1A and 1B (ªbeforeº and
ªafterº columns) CSSR and TPN reconfigure DNA in fun-
damentally different ways.
For CSSR (Figure 1A), an inversion, an excision, or an
integration is achieved. Recombination is both conser-
vative (DNA sequences are not gained or lost) and recip-
rocal (DNA is simply swapped between two sites). In
every well studied CSSR system, an identified recombi-
nase carries out all necessary strand scissions and re-
connections needed to create the product (ªafterº col-
umn, Figure 1A).
Transposition (Figure 1B) is the movement of DNA
into new genomic territory. A central role is played by
a transposase protein which directs a transaction involv-
ing three DNA sites: two transposon ends and the inte-
gration site. Transposases will make cuts at the ends
of a mobile element, however, in contrast to recombi-
nases in CSSR, are not responsible for all ensuing strand
connections. Upon integration, transposases are seen
to join the 39 (but not the 59 ends) of a transposon ele-
ment, to the 59 ends of a transposase-generated break Figure 1. A Comparison of Site-Directed Recombination Systems
(Figure 1B, middle column). In some TPN systems, there Site-directed recombination systems include (A) Conservative site-
can be extensive replication (and a copy of the transpo- specific recombination, (B) transposition, and (C) V(D)J recombina-
tion. The DNA reorganization that can be achieved with each type ofson remains at the original site), and in others a ªholeº
system is indicated, as is the basic architecture of the recombinationmay be created when the element exits (which is not
sites. For the purposes of comparison, recombination recognitionsealed by the transposase). Thus TPN is usually not
motifs at the sites of crossing over are consistently representedconservative and/or not reciprocal.
as triangles. For CSSR, an asymmetric region between the two
V(D)J recombination shares some features with CSSR recognition motifs has an orientation as indicated by the horizontal
and others with TPN, whereas still others are unique lollipops. In V(D)J recombination two recognition motifs exist, (see
Figure 2).(Figure 1C; reviewed in Lewis, 1994). V(D)J joining is a
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The architecture of the recombination sites associ- basepairs within the joining signal nonamer (Figure 2;
Difilippantonio et al., 1996; Spanopoulou et al., 1996).ated with CSSR and TPN is characteristic and distinct,
providing a further basis for comparison to V(D)J recom- Recently, two groups using either a one-hybrid assay
or surface plasmon resonance measurements, have be-bination. The arrangement of the recombinase recogni-
tion motifs (represented as triangles) in a generic core gun to investigate the binding of RAG1 to the joining
signal sequence (Difilippantonio et al., 1996; Spanopou-crossover site is shown, for each, in Figure 1. Actual
recombination sites can be as simple as indicated (a lou et al., 1996). Specific binding was detected, and
found to be sensitive to changes in the nonamer. Infeature that for example, makes the Cre-lox system so
useful to the genetic engineer), or far more complex (as particular, alteration of the two nucleotides thought to
relate to Hin contacts in hix was detrimental (Difilippan-is the case for phage l). Complexities aside, for CSSR,
recombination takes place between two recombinase- tonio et al., 1996; Feng et al., 1994; Spanopoulou et al.,
1996). Quite remarkably, the residues in Hin that interactrecognition motifs (triangles) that mirror one another on
either side of a short (2 or more bp) asymmetric center with the hix site A:T basepairs are part of a sequence
(GGRPR) that is fairly conserved among known Hin rela-(box). For a transposon, recombination takes place at
the outside of each of two terminally-located recombi- tives, and identically present in the conceptual transla-
tion of every RAG1 gene cloned to date (Difilippantonionase recognition motifs (triangles, Figure 1B). (The chro-
mosomal integration site in transposition is selected et al., 1996; Spanopoulou et al., 1996; Figure 3). Building
on this, it was speculated that, a region of RAG1, as foraccording to features that vary depending upon the par-
ticular TPN system). For V(D)J recombination every V, Hin, may constitute a three-helical DNA binding domain
(Figure 3). Moreover, these observations raised the pos-D, and J gene segment has its own joining signal con-
sisting of a heptamer and a nonamer separated by a 12 sibility of an evolutionary relationship between RAG1
and Hin (Difilippantonio et al., 1996; Spanopoulou et al.,or 23 bp spacer (see Figure 2). The joining signals (total-
ing 28 or 39 bp) are self-contained functional recombina- 1996).
Variant RAG1 proteins, with mutations in GGRPR,tion targets. As in TPN, strand interruptions in V(D)J
recombination occur at the edge of the recognition motif were created and found to be compromised for both
binding function and V(D)J recombination (data from(Figures 1B and 1C).
Thus recombination site architecture in V(D)J joining Difilippantonio et al.,1996, and Spanopoulou et al.,1996,
are summarized in Figure 3). The putative Hin resem-is similar to that found in TPN, yet the DNA re-
arrangement that ensues is, if anything, CSSR-like. In blance was further analyzed in a dramatic domain ex-
change (see Figure 3). A stretch of 55 amino acids wasother respects, V(D)J recombination stands apart from
either TPN or CSSR. One prominent difference is that removed from RAG1 and replaced with the 52 amino
acid hix-binding region of Hin. The resulting RAG/Hinthere is not one but two kinds of recognition motif, both
of which participate in V(D)J recombination. This con- protein still showed nonamer-dependent binding to join-
ing signal oligonucleotides. As well, it was active in thestraint, known as the 12/23 rule, has no counterpart in
CSSR or TPN (although two motifs exist in the Xer sys- site-specific cleavage of joining-signal sequences in
vitro, and further, could carry out V(D)J recombination intem; Blakely and Sherratt, 1996). For example, the proto-
type for CSSR is phage l integration, where a complex vivo (Spanopoulou et al., 1996). Thus RAG1 was largely
unaffected by this major surgery, whereas point muta-attP site on the bacteriophage interacts with a quite
different attB site in the bacterial chromosome. The two tions around GGRPR proved deadly. One might then
concur with the conclusion that the segment from Hindifferent sites are required for integration, however each
contains similar, and to a first approximation, function- was functionally equivalent to the RAG1 sequence it
replaced.ally-interchangeable recombinase recognition motifs
(Nunes-DuÈ by et al., 1987). It is not absolutely clear however, whether the above-
described experiment constituted an exchange of DNAA Hin-Like Ancestor?
About 16 years ago, prior to the discovery of RAG1 and binding domains, or instead should be viewed as a radi-
cal test of the significance of the GGRPR sequence.RAG2, it was noted that the nonamer of a V(D)J joining
signal (GGTTTTTGT, underlined in Figure 2) almost ex- There is little amino acid similarity between the two
regions (apart from GGRPR; see Figure 3), so that al-actly matched a portion of the hixL site recognized by
the Hin invertase of Salmonella (GGTTTTTGA; Simon et though the RAG1 sequence apparently has a-helical
character (Difilippantonio et al., 1996), the details of howal., 1980). The DNA-binding fragment of Hin (an example
of a CSSR recombinase) has since been cocrystallized the two proteins interact with DNA may not be as super-
imposable as the exchange experiment suggests. Forwith a hixL half-site oligonucleotide (a half-site corre-
sponds roughly to one triangle in the generic crossover example, a hydrophobic residue, isoleucine, at position
144 of Hin, is thought to interact with a hydrophobicsite in Figure 1A). The protein±DNA contacts that were
visualized included a sequence-dependent interaction core created by the packing of helices 1 and 3 of the
binding domain, and to thereby play a role in positioningbetween a glycine-arginine-proline-arginine stretch in
Hin and the hixL DNA (Feng et al., 1994). The position the adjacent GGRPR sequence in the minor groove of
the DNA (Feng et al., 1994). RAG1 contains a histidineand nature of these particular contacts revealed the
importance of two A:T basepairs within the hix recogni- in the corresponding spot (Figure 3).
Whether a RAG1 domain, functionally equivalent totion motif (starred, Figure 2). Of potential significance,
the two A:T basepairs highlighted in this study, given a that of Hin, has been defined by these studies, could
be clarified if it were demonstrated that the RAG/Hinhix site aligned with a V(D)J joining signal as suggested
previously, corresponded to two well-conserved A:T construct exhibited Hin-like rather than RAG-like DNA
Minireview
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Figure 2. A Comparison of Recombination
Recognition Motifs in H-Inversion and V(D)J
Recombination
binding properties. RAG1 and Hin actually differ in the recombination, cleavage is 19 or 30 bp away from the
nonamer, and on the opposite side.degree to which they are affected by changes in the
starred nucleotides of their respective target sites (Fig- The Case for a Transposon Progenitor
The RAG cleavage mechanism has been shown to beure 2). For RAG1, substitution of A for T in the joining
signal greatly reduces binding (Difilippantonio et al., identifiably transposase-like (van Gent et al., 1996a). As
analyzed in vitro, the RAGs cut between a joining signal1996). In contrast, for Hin, the corresponding A for T
substitution in the hix site affects neither recombination and the adjacent DNA by creating a nick on one strand,
and then using the 39 hydroxyl at the end of the cutfunction nor the apparent KD measured in vitro (Hughes
et al., 1992). One might predict that in the chimeric pro- strand in a nucleophilic attack on the phosphodiester
bond of the other (reviewed in Gellert, 1996). This secondtein an exchange of DNA binding domains should now
accommodate an A for T change in the V(D)J joining transesterification step severs the DNA completely but
at the same time, creates a hairpin 59-to-39 connectionsignal.
With respect to a common RAG1 and Hin ancestor, at one of the cleaved ends (Figure 1C, middle column).
Although no recombinant strand connections have beenit may prove difficult to learn much more about this
entity, if it indeed exists. Many features of the original created, RAG-mediated cleavage resembles TPN in that
an iso-energetic shuffling of phosphodiester bonds evi-have evidently been obscured by evolutionary travail.
As one example, the relative position of cleavage and dently takes place without formation of a protein-linked
DNA intermediate (van Gent et al., 1996a). In contrast,binding sites in the respective target sites have under-
gone a major reorganization (Figure 2). Hin cuts just CSSR comes about through twosequential transesterifi-
cation steps, involving an intermediate in which the DNAadjacent to the binding motif in the hix site, but for V(D)J
Figure 3. Alignment of the Putative DNA
Binding Domainof Mouse RAG1 with the DNA
Binding Domain of Hin
The Hin and RAG1 regions shown correspond
to the domain swap of Spanopoulou et al.
(1996). Alternative alignments, as given in Dif-
ilippantonio et al., 1996, and Spanopoulou et
al., 1996, are shown. Conservation of RAG
sequences are based upon mouse (Genbank
accession number M29475), human (M29-
474), rainbow trout (U15663), bull shark
(U62645), rabbit (M77666), chicken (M58530),
opossum (U51897), and Xenopus (L19324).
The effects of amino acid replacements in (a)
and (b) are from (Spanopoulou et al., 1996) .
Line (a) gives results for V(D)J recombination
mediated by RAG1 variants in cells with a
standard extrachromosomal recombination
substrate. Line (b) summarizes comparative
tests of joining signal binding, measured by
surface plasmon resonance (for R391 and
SL398, 3991 binding was not sequence spe-
cific). (c) and (d) are data from (Difilippan-
tonio et al., 1996). Line (c) gives results for recombination (legend to Figure 5, in Difilippantonio et al., 1996). Line (d) summarizes binding as
measured in vivo with a one-hybrid transactivation assay.
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is covalently attached to the recombinase (for refer- analyses carried out to date have been extremely infor-
mative (Difilippantonio et al., 1996; Spanopoulou et al.,ences see van Gent et al., 1996a) .
Given that the architecture of a joining signal is 1996; van Gent et al., 1996a). At the present pace, it
would not be surprising to see the V(D)J recombinationtransposon-like, this similarity between chemical mech-
anisms would seem to add weight to the idea that the system soon begin to rival the more classical site-
directed recombination systems both in terms of theV(D)J recombination system originally carried out trans-
positional rearrangements. The transposon theory has rich detail with which it isunderstood, and as a paradigm
for revealing fundamental features of protein±DNA inter-in fact been suggested, for various reasons, a number
of times over the years. It is nonetheless worth noting actions.
that in spite of various similarities, there are fundamental
Referencesdifferences between transposition and V(D)J recombi-
nation. For one, there are no reports of a transposase
Blakely, G., and Sherratt, D. (1996). Genes Dev. 10, 762±773.(mutant or otherwise) that isable to mediate site-specific
Difilippantonio, M.J., McMahan, C.J., Eastman, Q.M., Spanopoulou,inversion. Conversely, it has never been demonstrated
E., and Schatz, D.G. (1996). Cell 87, 253±262.
that V(D)J recombination can cause the integration of
Feng, J.-A., Johnson, R.C., and Dickerson, R.E. (1994). Science 263,
one piece of DNA into another. Additionally, transpo- 348±355.
sases do not rejoin the host chromosome after hopping,
Gellert, M. (1996). Genes to Cells 1, 269±276.
whereas the central biological achievement in V(D)J re-
Hall, R.M., and Collis, C.M. (1995). Mol. Microbiol. 15, 593±600.
combination is the reconnection of the DNA formally
Hughes, K.T., Gaines, P.C.W., Karlinsey, J.E., Vinayak, R., and Si-
analogous to such a hole (see middle column, Figures mon, M.I. (1992). EMBO J. 11, 2695±2705.
1B and 1C). If V(D)J recombination evolved from a
Iida, S., Sandmeier, H., HuÈ ber, P., Giestand-Nauer, R., Schneitz, K.,
transposon, an early acquisition of the ability to some- and Arber, W. (1990). Mol. Microbiol. 4, 991±997.
how foster the reconnection of all ends must have been Jeggo, P.A., Taccioli, G.E., and Jackson, S.P. (1995). BioEssays 17,
essential to the development of the gene assembly ma- 949±957.
chine. Klobutcher, L.A., and Herrick, G. (1995). Nucl. Acids Res. 23, 2006±
On the Lookout 2013.
It may be significant that the 12/23 rule distinguishes Lewis, S.M. (1994). Adv. Immunol. 56, 27±150.
V(D)J recombination from both TPN and CSSR. The cru- Nunes-DuÈby, S.E., Matsumoto, L., and Landy, A. (1987). Cell 50,
cial and integral nature of the 12/23 rule is underscored 779±788.
by several observations. One is that the rearranging Polard, P., and Chandler, M. (1995). Mol. Microbiol. 15, 13±23.
loci analyzed in modern examples of ancient vertebrate Pyle, A.M. (1996). Nature 381, 280±281.
radiations always contain both versions of the V(D)J Sadowski, P.D. (1993). FASEB J. 7, 760±767.
joining signal (reviewed in Lewis, 1994). Another is that Simon, M., Zeig, J., Silverman, M., Mandel, G., and Doolittle, R.
during in vivo recombination, the 12/23 rule is enforced (1980). Science 209, 1370±1373.
early, at the cleavage step (Steen et al., 1996). This Spanopoulou, E., Zaitseva, F., Wang, F.-H., Santagata, S., Baltimore,
D., and Panaoytou, G. (1996). Cell 87, 263±276.constraint has been reconstructed in vitro with purified
RAG1 and 2 alone (van Gent et al., 1996b). Stark, W.M., Boocock, M.R., and Sherratt, D.J. (1992). Trends Genet.
7, 432±438.Why don't any of the analyzed CSSR or transposition
Steen, S.B., Gomelsky, L., and Roth, D.B. (1996). Genes to Cells 1,systems have a 12/23 rule, or its equivalent? A teleologi-
543±553.cal view is that the 12/23 rule is found in V(D)J recombi-
van Gent, D.C., Mizuuchi, D., and Gellert, M. (1996a). Science 271,nation because V(D)J recombination is required to accu-
1592±1594.rately manipulate hundreds, not just two or three,
van Gent, D.C., Ramsden, D.A., and Gellert, M. (1996b). Cell 85,potential recombination sites. The 12/23 rule has the
107±113.appearance, at least, of a particularly economical solu-
tion to the problem of avoiding unprofitable combina-
tions in the case of a recombination system that is con-
fronted with multi-site arrays.
Perhaps at this juncture, a hunt for origins would best
be served by looking among multi-site recombination
systems for one that more clearly shares basic attributes
with V(D)J recombination. Conceivably such a system
could be transpositional, where a transposase is re-
quired to handle numerous recombination targets cre-
ated by high-copy transposon integration. Alternatively,
relatives of known CSSR systems (as for example Min;
Figure 3; Iida et al., 1990) that serve to rearrange a multi-
site array might bear closer scrutiny. There is also the
possibility that further afield, recombination systems
that enable RNA to wander, ªintegronsº to move, or
DNA to exit en masse from a genome may provide key
insights (see, for example, Hall and Collis, 1995; Klo-
butcher and Herrick, 1995; Pyle, 1996). In the meantime,
there is no question that the comparative molecular
